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METHOD AND APPARATUS FOR INCREASING THE TEMPERATURE OF A FUEL CELL WITH POLYMER 
ELECTROLYTE 

5 

Field Of The Invention 

The present invention relates to a method and 
apparatus for increasing the temperature and for 
cold start-up of an electrochemical fuel cell using 

10 reactant starvation at an electrode. More 

particularly, the method comprises fuel starving at 
least a portion of the anode of an operational fuel 
cell or oxidant starving at least a portion of the 
cathode of an operational fuel cell or both to 

15 increase the temperature. The method may be used, 

for example, during start-up or during operation of 
the fuel cell when the temperature of the fuel cell 
is below the preferred operating temperature range. 
Thus, the method and apparatus may be used to heat 

20 the fuel cell and to prevent poisoning of electrode 

catalysts while allowing for some generation of 
power by the fuel cell during start-up. 

Background Of The Invention 

25 Electrochemical fuel cells convert reactants, 

namely fuel and oxidant fluid streams, to produce 
electric power and reaction products. Solid polymer 
electrochemical fuel cells generally employ a 
membrane electrode assembly ( " MEA " ) comprising a 

3 0 solid polymer electrolyte or ion- exchange membrane 

disposed between two porous electrically conductive 
electrode layers. The anode and cathode each 
comprise electrocatalyst , which is typically 
disposed at the membrane/electrode layer interface, 

35 to induce the desired electrochemical reaction. 

At the anode, the fuel moves through the porous 
anode layer and is oxidized at the electrocatalyst 
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At the anode/ the fuel moves through the porous 
anode layer and is oxidized at the electrocatalyst 
to produce protons and electrons. The protons 
migrate through the ion exchange membrane towards 
5 the cathode. On the other side of the membrane, the 

oxidant moves through the porous cathode and reacts 
with the protons at the cathode electrocatalyst. 
The electrons travel from the anode to the cathode 
through an external circuit, producing an electrical 
10 current. 

Electrochemical fuel cells can operate using 
various reactants. For example, the fuel stream may 
be substantially pure hydrogen gas, a gaseous 
hydrogen- containing reformate stream, or methanol in 
15 a direct methanol fuel cell. The oxidant may be 

substantially pure oxygen or a dilute stream such as 
air containing oxygen. 

In some applications, fuel cell systems may 
operate almost continuously ( e . cr . , certain 

2 0 stationary power applications) . However, in other 

applications, fuel cell systems may be subjected to 
frequent start and stop cycles and to prolonged 
storage periods in between ( e.g. , portable or 
traction power applications) . Further, in colder 
25 climates, such fuel cell systems may frequently be 

subjected to temperatures below freezing. Such 
systems therefore must tolerate exposure to sub-zero 
temperatures without degradation. Additionally, the 
power output capability from fuel cells is typically 

3 0 very limited at temperatures well below the normal 

operating temperature. Thus, it is also desirable 
to be able to start up such systems and bring them 
up to normal operating temperature in a timely, 
energy efficient manner, and to maintain the 
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temperature within a desirable range during 
operation. 

A conventional approach for starting up a fuel 
cell is to employ an external power source ( e.g. , 
5 storage battery) or a heater to heat the fuel cell 

up to a temperature at which fuel cell operation is 
commenced. However, this requires additional 
equipment just for start-up purposes and generally 
requires a net input of energy during start-up. 

10 Problems encountered below freezing may simply be 

avoided by not allowing the fuel cell temperature to 
go that low. In many applications however, this is 
not practical. Another approach for low 
temperature start-up involves operating the fuel 

15 cell during start-up and using some of the power and 

heat generated within to bring the fuel cell up to 
normal operating temperature. For instance, U.S. 
Patent No. 5,798,186 discloses a method for starting 
up a solid polymer fuel cell stack involving 

2 0 supplying power from the stack to an external load, 

and then increasing the power drawn and, optionally, 
the flow rate of the reactant streams while the 
stack warms up. Another starting method is 
disclosed in Japanese Patent Publication (Kokai) No. 
25 07-302607, in which the contact resistance between 

components in the main body of a fuel cell is 
increased by reducing the pressure applied to the 
main body of the fuel cell. Internal energy losses 
are increased and thus the fuel cell temperature can 

3 0 be increased without using an external power source 

or heater. 

A further complication during start-up of fuel 
cell systems relates to the possible presence of 
impurities in the reactant streams, particularly the 
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fuel stream. The fuel stream may contain impurities 
known as electrocatalyst "poisons" which may adsorb 
or deposit on the anode electrocatalyst and inhibit 
the desired electrochemical reaction on the anode. 
5 The presence of poisons on the electrocatalyst thus 

results in reduced fuel cell performance. In the 
absence of countermeasures, the adsorption or 
deposition of electrocatalyst poisons may be 
cumulative, so even minute concentrations of poisons 

10 in a fuel stream, may for instance, over time, 

result in a degree of electrocatalyst poisoning 
which is detrimental to fuel cell performance. 
Further, the poisons may adsorb or bind more 
strongly at lower temperatures thereby aggravating 

15 the adverse effect on performance at lower 

temperature. 

Reformate streams derived from hydrocarbons or 
oxygenated hydrocarbons typically contain a high 
concentration of hydrogen fuel, but typically also 

20 contain electrocatalyst poisons such as carbon 

monoxide. To reduce the effects of anode 
electrocatalyst poisoning, it is known to pre- treat 
the fuel supply stream prior to directing it to the 
fuel cell. For example, pre- treatment methods may 

2 5 employ catalytic or other methods to convert carbon 

monoxide to carbon dioxide. However, known pre- 
treatment methods for reformate streams cannot 
efficiently remove 10 0% of the carbon monoxide. 
Even trace amounts less than 10 ppm can eventually 

30 result in electrocatalyst poisoning, particularly at 

low temperatures. Further, during start-up of a 
reformate -supplied fuel cell system, the reformer 
and other related apparatus for pre- treatment must 
themselves also be started up and brought up to a 
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desirable normal operating temperature. Typically, 
during start-up, the reformer and pre- treatment 
apparatus are not as effective in providing fuel 
with a low level of impurity. Thus, the level of 
5 poisons in the reformate is typically higher during 

start-up than it is at normal operating temperature. 

It may be possible to remove electrocatalys t 
poisons by purging the affected electrode with an 
inert gas such as nitrogen or with a "clean" 
reactant stream containing substantially no poisons . 
Where the adsorption of the poison is reversible, an 
equilibrium process results in some rejuvenation of 
the electrocatalyst . However, this approach is not 
as effective against strongly bound adsorbed poisons 
and can be very slow. Due to the additional 
difficulties posed by electrocatalyst poisons during 
system start-up, often reformate is not supplied to 
a fuel cell system until both the reformer and fuel 
cell systems are close to the preferred normal 
operating temperature. 

Summary Of The Invention 

An improved method of heating a solid polymer 
25 electrolyte fuel cell employs reactant starvation 

over at least a portion of at least one of the fuel 
cell electrodes, thereby increasing the overvoltage 
at that portion. Additional heat generation takes 
place as a result of the starvation. The method is 
3 0 particularly useful for starting purposes in that it 

provides for faster start-up. The method allows for 
the provision of some electrical power output from 
the fuel cell during the starting period. The 
method is useful for heating or starting up fuel 
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cells supplied with reactant streams that are 
essentially free of electrocatalyst poisons ( e.g. , a 
fuel reactant stream of pure hydrogen) . However, 
the reactant starvation method can also serve to 
5 remove electrocatalyst poisons that are introduced 

in a reactant stream. Thus, the method is 
particularly useful for starting up fuel cells 
supplied with a reactant stream comprising an 
electrocatalyst poison. 

10 For starting purposes, the method involves 

starting the fuel cell from a starting temperature 
below its normal operating temperature and the 
temperature of the fuel cell rises to the normal 
operating temperature over a starting period. The 

15 method comprises supplying an oxidant reactant 

stream to the cathode electrode of the fuel cell, 
supplying a fuel reactant stream to the anode 
electrode of the fuel cell, and reactant starving at 
least a portion of one of the electrodes during the 

20 starting period, thereby increasing the overvoltage 

of the portion of one of the electrodes and 
generating additional heat. The reactant starvation 
may be stopped before the normal operating 
temperature is reached once the fuel cell 

2 5 temperature has reached a predetermined threshold 

temperature. 

For temperature regulation purposes generally 
during operation, the method involves operating the 
fuel cell while supplying an oxidant reactant stream 

3 0 to the cathode electrode of the fuel cell and a fuel 

reactant stream to the anode electrode of the fuel 
cell method. A temperature parameter is monitored 
that is indicative of the operating temperature of 
the fuel cell. When the temperature parameter is 
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below a predetermined threshold value, at least a 
portion of one of said electrodes is starved of 
reactant thereby increasing the overvoltage of the 
portion of one of the electrodes and generating 
5 additional heat. The method may be used to effect a 

faster temperature correction when the fuel cell 
temperature falls below the threshold value during 
operation. 

Reactant starvation involves a reduction in the 
10 reactant stoichiometry - As used herein, 

stoichiometry is defined as the ratio, at any given 
instant, of the rate at which reactant is supplied 
to the fuel cell divided by the rate at which the 
reactant is consumed in the electrochemical 
15 reactions in the fuel cell. A reactanc starvation 

condition exists whenever the reactant stoichiometry 
is less than 1, that is whenever less reactant is 
being supplied to the fuel cell than is being 
consumed within the fuel cell at any given instant. 

2 0 Such a situation is temporary since the fuel cell 

cannot consume reactant faster than it is supplied 
indefinitely. If the rate at which reactant is 
supplied remains constant during a starvation, the 
rate at which reactant is consumed will fall until 
25 it eventually matches the rate supplied, i.e. , the 

stoichiometry eventually increases to 1 . 

Reactant starvation may be accomplished by 
interrupting the supply of one of the reactant 
streams to the fuel cell electrodes, thereby 

3 0 reducing the rate at which reactant is supplied and 

hence the stoichiometry. A single, optionally 
prolonged, interruption may be employed or an 
intermittent series of interruptions may be 
employed. Intermittent interruptions may be regular 
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or irregular. Alternatively, reactant starvation 
may be accomplished by connecting a transient 
electrical load to draw electrical power from the 
fuel cell. Again, the transient electrical load may 
5 be connected once or intermittently. To effect a 

starvation via this method, the rates of supply of 
the reactants to the fuel cell electrodes are not 
increased to match the increased electrical demand 
over conventional levels in response to the 

10 connection of the transient load. Thus, this method 

increases the rate at which reactant is consumed and 
hence decreases the stoichiometry . 

Apparatus suitable for heating or starting a 
solid polymer electrolyte fuel cell comprises an 

15 oxidant supply system for directing an oxidant 

reactant stream to a cathode electrode of the fuel 
cell, a fuel supply system for directing a fuel 
reactant stream to an anode electrode of the fuel 
cell, a temperature sensor for detecting the 

20 temperature of the fuel cell, and a control system 

for starving at least one of the electrodes 
responsive to the output from the temperature 
sensor. The control system may comprise apparatus 
for intermittently interrupting the supply of one of 

25 the reactant streams to the fuel cell electrodes, or 

alternatively it may comprise apparatus for 
connecting a transient electrical load to draw 
electrical power from the fuel cell. Other 
apparatus for achieving reactant starvation is 

3 0 disclosed in the aforementioned U.S. Patent 

Applications Serial No. 08/998,133 filed December 
23, 1997 entitled "Method and Apparatus for 
Operating an Electrochemical Fuel Cell With Periodic 
Fuel Starvation At The Anode" and U.S. Patent 
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Application Serial No. 09/344,763, filed June 25, 
1999, entitled "Method and Apparatus for Operating 
an Electrochemical Fuel Cell With Periodic Reactant 
Starvation" . 

5 An improved start-up may be obtained by 

starving at least a portion of either or both 
electrodes. Where electrocatalyst poisoning is also 
an issue, however, it is preferable to at least 
reactant starve the poisoned electrode ( e.g. , to 
10 starve the anode of a solid polymer fuel cell when 

supplied with a carbon monoxide containing reformate 
stream) . 

Where the fuel cell is one of a plurality of 
fuel cells, for example, arranged in a fuel cell 

15 stack, the method may preferably avoid the 

simultaneous starvation of each electrode of the 
plurality of fuel cells. This reduces the 
fluctuation in electrical power output from the 
stack. In fuel cell stacks, it is generally 

20 preferred to avoid voltage reversal in any of the 

cells. Nonetheless, it appears that a fuel cell may 
degrade less quickly as a result of a voltage 
reversal condition when it is at temperatures well 
below the normal operating temperature. Thus, the 

2 5 reactant starving method may cause a voltage 

reversal to occur in at least one, but preferably 
not simultaneously in all, of the plurality of fuel 
cells. Preferably, however, starvation is limited 
so that the voltage reversal is not prolonged. 

3 0 The method is suitable for starting up a solid 

polymer electrolyte fuel cell and is particularly 
advantageous for starting up such cells from 
temperatures below the freezing point of water or 
0°C. In solid polymer fuel cell systems supplied 
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with a refonnate fuel stream, the method provides 
for a shorter starting period while also reducing 
the effect of carbon monoxide, methanol, or other 
impurities on the anode electrocatalys t . The amount 
5 of water produced during starvation is also reduced, 

which may be advantageous in preventing blockages 
due to ice formation at temperatures below 0°C. 

Brief Description Of The Drawings 

10 The advantages, nature and additional features 

of the invention will become more apparent from the 
following description, together with the 
accompanying drawings, in which: 

FIG. 1 is an exploded perspective view of a 

15 conventional, prior art fuel cell stack; 

FIG. 2 is a plot of voltage and temperature as 
a function of time in a fuel cell started up from 
-5°C using refonnate as fuel and intermittent 
connection of an additional electrical load to 

20 effect starvation; 

FIGs. 3A and 3B are plots of representative 
cell voltages, current densities, and temperatures 
as a function of time in fuel cells in 7 -cell stacks 
started up from -10 °C using refonnate as fuel and 

25 (in plot A) an intermittent oxidant starvation 

method and (in plot B) no starvation method, 
respectively; 

FIGs. 4A, 4B and 4C are plots of representative 
cell voltages, current densities, and temperatures 

30 as a function of time in fuel cells in 7-cell stacks 

started up from -15 °C using (in plot A) pure 
hydrogen as fuel and no starvation method, (in plot 
B) pure hydrogen as fuel and a prolonged connection 
of an additional electrical load to effect 
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starvation, and (in plot C) reformate as fuel and a 
prolonged connection of an additional electrical 
load to effect starvation. 

FIG. 4D is a plot of representative cell 
5 voltage, current density, fuel stoichiometry and 

oxidant stoichiometry as a function of time in fuel 
cells in a 7-cell stack started up from -15°C using 
reformate as fuel and a prolonged connection of an 
additional electrical load to effect starvation. 

10 

Detailed Description Of The Preferred Embodiments 

A method for increasing the temperature of an 
electrochemical fuel cell uses reactant starvation 
techniques at an electrode. In the context of this 
15 disclosure, fuel starvation is defined as a 

reduction in fuel supply to the anode 

electrocatalyst which results in the anode potential 
increasing (that is, moving towards the cathode 
potential) . In a like manner, oxidant starvation is 

2 0 defined as a reduction in oxidant supply to the 

cathode electrocatalyst which results in the cathode 
potential decreasing (that is, moving towards the 
anode potential) . For a fuel cell normally supplied 
with fuel and oxidant reactants at certain flow 
25 rates for operation at a particular given current 

density, reactant starvation can be achieved by 
sufficiently reducing or interrupting a reactant 
flow rate such that the relevant electrode potential 
is affected. In this way, the reactant 

3 0 stoichiometry to the relevant electrode has been 

reduced. Alternatively, reactant starvation can 
also be achieved by increasing the current density 
such that the potential of the relevant electrode, 
or electrodes, is affected. This latter situation 
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is equivalent to using reduced reactant 
stoichiometrics for normal operation at the 
increased current density. In either case, 
starvation is evidenced by a change in electrode 
5 potential. The change in electrode potential 

represents an increase in the overvoltage of the 
electrode and consequently an increase in the amount 
of heat generated within the fuel cell at any given 
operating current density. This additional heat 

10 assists in bringing the fuel cell up to a preferred 

operating temperature quickly during the starting 
period or if it falls below the preferred operating 
temperature during operation. Further, while the 
method might be used in the absence of 

15 electrocatalyst poisons, starvation techniques are 

useful for the removal of such poisons from the 
reactant starved portions of the electrode. The 
method may also offer advantages by influencing 
water production or consumption and hence modify 

20 water management at an electrode. 

A solid polymer electrolyte fuel cell is a 
preferred fuel cell type for portable and traction 
applications. FIG. 1 illustrates, in exploded 
perspective view, a conventional solid polymer fuel 

25 cell stack 10, including a pair of end plate 

assemblies 15, 20 and a plurality of fuel cell 
assemblies 25. Tie rods 30 extend between end plate 
assemblies 15 and 20 to retain and secure stack 
assembly 10 in its assembled state with fastening 

30 nuts 32. Springs 34 threaded on tie rods 30 

interposed between fastening nuts 32 and end plate 
20 apply resilient compressive force to stack 10 in 
the longitudinal direction. Reactant and coolant 
fluid streams are supplied to and exhausted from 
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internal manifolds and passages in stack 10 via 
inlet and outlet ports (not shown in FIG. 1) in end 
plate 15. As shown by the exploded portion of FIG. 
1, each fuel cell assembly 25 includes an anode flow 
5 field plate 35, a cathode flow field plate 40, and a 

membrane electrode assembly (MEA) 45 interposed 
between plates 35 and 40. Each MEA comprises an 
anode electrode and a cathode electrode bonded on 
opposite sides of a proton conducting, solid polymer 

10 membrane electrolyte (not shown in FIG. 1) . 

Plates 35 and 40 act as current collectors and 
provide a fluid barrier for separating reactant 
fluids supplied to the anode and cathode. At the 
interface between MEA 45 and plates 3 5 and 40, fluid 

15 flow fields 50 direct the reactant fluids to the 

electrodes. Fluid flow field 50 typically comprises 
a plurality of fluid flow channels formed in the 
major surfaces of plates 35 and 40 facing MEA 45. 
One purpose of fluid flow field 50 is to 

20 distribute the reactant fluid across the surface of 

the respective electrodes, namely the anode on the 
fuel side and the cathode on the oxidant side. 

A method for increasing the temperature of a 
solid polymer fuel cell stack involves reactant 

25 starving at least a portion of a fuel cell electrode 

in the stack. A single starvation may be employed 
or starvation may be intermittent. In the case of 
the latter, starvation conditions may be introduced 
at regular intervals, or the duration and frequency 

3 0 thereof varied in accordance with a measured system 

parameter ( e.g. , cell voltages in order to avoid 
voltage reversals) . 

Starvation may be accomplished by closing or 
adjusting a valve in a reactant supply or exhaust 



WO 01/03215 



PCT/CAOO/00756 



- 14 - 

line to the fuel cell so as to reduce the rate of 
reactant supply to be less than that demanded to 
satisfy the instantaneous load. The stack voltage 
drops as the reactant inside the stack is consumed 
5 by the electrochemical reaction which is induced to 

supply electrical current to the electrical load. 
The fuel cell electrodes thus become reactant 
starved. It is preferable to avoid causing sudden, 
large pressure differentials across the membranes in 

10 the MEAs. Thus, both a reactant inlet and an outlet 

line may be valved off simultaneously in order to 
avoid a sudden increase or decrease in the 
transmembrane pressure differential. Alternatively, 
other methods may be employed to reduce a reactant 

15 stoichiometry . For instance, pulses of a 

substantially reactant-f ree fluid (e.g., an inert 
gas) may be introduced into the reactant stream 
thereby diluting it and reducing stoichiometry. 
Starvation may also be accomplished by 

20 connecting a transient load to the fuel cell stack, 

without correspondingly increasing the rate of 
reactant supply to either or both of the electrodes. 
(The reactant supply rates depend on the normal 
stoichiometry of each reactant.) The transient load 

2 5 demands more electrical current which can cause one 

or both reactants in the stack to be consumed more 
rapidly than the reactants are supplied. 

Other apparatus and means for achieving 
reactant starvation conditions are disclosed in the 

3 0 two aforementioned related U.S. patent applications, 

Serial No. 08/998,133 filed December 23, 1997 
entitled "Method and Apparatus for Operating an 
Electrochemical Fuel Cell With Periodic Fuel 
Starvation At The Anode" and Serial No. 09/344,763, 
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filed June 25, 1999, entitled "Method and Apparatus 
for Operating an Electrochemical Fuel Cell With 
Periodic Reactant Starvation" . 

Several potential problems may be encountered 
5 when attempting to rapidly start up a solid polymer 

fuel cell stack in this manner. For example, 
voltage reversals may occur. Local high temperature 
conditions may exist within the cells due to non- 
uniform current distributions. Also, water related 

10 problems may arise, particularly when starting 

temperatures are below freezing. 

A voltage reversal occurs in a cell when either 
the anode potential increases and becomes more 
positive than the cathode potential or the cathode 

15 potential decreases and becomes more negative than 

the anode potential, resulting in a negative cell 
voltage. In this situation the cell is consuming, 
rather than producing, electrical power. Momentary 
instances of slight cell reversal may not damage the 

20 fuel cell, but prolonged cell reversal or large 

negative cell voltages can cause permanent damage. 
In particular, cell reversal caused by fuel 
starvation may result in the anode potential rising 
to the point where significant corrosion of the 

25 anode hardware occurs. It has been found however, 

that at lower temperatures, the damage caused by a 
given voltage reversal situation is significantly 
reduced. Nonetheless, it may be preferable to 
introduce starvation conditions intermittently and 

30 to control the duration and frequency of the 

reactant starvations, using a suitable controller, 
to avoid prolonged cell voltage reversal. 

Particularly when high current densities are 
employed during starting, local high temperature 
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conditions or hot spots may exist in the ME As in the 
cells. Such hot spots may damage the membrane 
electrolyte. As illustrated in the following 
examples however, solid polymer fuel cell stacks may 
5 be effectively shorted for several minutes at low 

starting temperatures without causing significant 
membrane damage, yet providing for a rapid start-up. 

Water management issues can arise with regards 
to storage and start-up, particularly for 

10 temperatures below freezing. A certain amount of 

water is present and is required during the normal 
operation of solid polymer fuel cells. Along with 
electricity, water is produced at the cathode by the 
primary electrochemical reaction of the fuel cell. 

15 Also, an adequate water level must generally be 

maintained at the membrane electrolyte for it to 
provide satisfactory proton conduction. This is 
frequently accomplished by humidifying one or both 
incoming reactant streams. Additionally, water is 

20 often required for the proper functioning of the 

anode electrocatalyst . For example, fuel cells that 
are intended to operate on reformate generally 
employ an anode electrocatalys t that is relatively 
tolerant to carbon monoxide, such as a Pt/Ru alloy. 

2 5 The tolerance to carbon monoxide generally 

originates with the ability of the electrocatalyst 
to promote a reaction between adsorbed carbon 
monoxide poison and adsorbed hydroxyl species, 
thereby removing the carbon monoxide poison. 

3 0 When the fuel cell is shut down and stored 

below freezing, any water remaining inside will 
freeze, potentially causing physical damage and 
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undesirable blockages. Thus, the amount of water 
remaining in the fuel cell is desirably minimized 
before storage. This may be accomplished, for 
example, by purging the reactant flow fields with 
5 dry gas during shutdown. 

During start-up from sub-zero temperatures, any 
free residual water remaining in the fuel cell is 
typically frozen and not mobile. In addition, at 
such low temperatures, much less water can be 

10 introduced in the vapor phase via humidif ication of 

a reactant stream at low temperatures. Thus, there 
is significantly less water available for membrane 
humidif ication and reaction with carbon monoxide at 
an anode electrocatalyst (effectively resulting in 

15 less tolerance to carbon monoxide on certain 

electrocatalysts) . During cold start-up, water 
generated at the cathode may freeze causing 
blockages. Excessive amounts of water introduced in 
a reactant stream may condense and freeze causing 

2 0 blockages in a like manner. Nonetheless, as 

illustrated in the following examples, solid polymer 
fuel cell stacks may be started up quickly on 
reformate from temperatures well below freezing 
where the reactant starvation method includes an 
25 effective shorting for several minutes. 

Preferably during start-up, the fuel cell stack 
coolant (if present) is not circulated to allow 
rapid warming of the stack. As the stack nears its 
normal operating temperature, interior cells in the 

3 0 stack may overheat if no coolant flow is provided, 

but starting the flow of coolant can initiate a cell 
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voltage reversal in the cooler outermost cells. 
Thus, care should be taken with the timing and race 
at which coolant flow is commenced to avoid voltage 
reversal and/or overheating. 
5 The starting period is finished when the fuel 

cell or stack reaches the lower limit of its normal 
or preferred operating temperature range. For a 
solid polymer fuel cell, this is typically of the 
order of 60-120 °C. Suitable means may be used to 
10 detect a cell temperature parameter indicative of 

operating temperature (e.g., thermocouple) and to 
signal the end of the starting period. 

EXAMPLES 

15 

The following examples illustrate certain 
aspects of the described method but should not be 
construed as limiting in any way. 

A series of conventional solid polymer 

20 electrolyte fuel cells and fuel cell stacks (either 

a single cell or a seven cell series stack) were 
constructed and attempts were made to start them up 
from sub zero starting temperatures (either -5, -10 
or -15 °C) using a variety of starting methods. The 

25 anodes and cathodes in each comprised supported 

platinum/ ruthenium and platinum catalysts applied to 
carbon fiber substrates respectively. The membrane 
electrolyte employed in each was Nafion™. 
Compressed air was used as the oxidant supply. 

3 0 Several different fuel supplies were employed as 

indicated below. The fuels were either pure 
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hydrogen gas, a methanol reformate mixture 
containing about 63.5% H 2 , 22.5% C0 2/ 13%N 2 , 1% 
methanol and 40 ppm CO, a 64%/3 6% hydrogen/carbon 
dioxide gas mixture, or a 1%C0/H 2 gas mixture. 
5 Each fuel cell or stack was operated briefly 

under "normal" conditions ( e.g. , at about 80 °C) . 
The cell or stack was then shutdown and allowed to 
cool to room temperature. Both reactant flow fields 
were then purged with dry air or nitrogen for about 

10 3 minutes to remove water from the cell/s. This 

reduces the amount of water that resides in the flow 
fields and that can freeze in pores in the fuel cell 
components, thus damaging them. The cell or stack 
was then placed in an environmental chamber and 

15 allowed to cool to the desired starting temperature. 

To start up the cells or stacks, reactant gas 
flows were initiated that provide reactant 
stoichiometrics (s toichiometry being defined as the 
ratio of reactant supplied to that consumed in the 

20 electricity generating reactions in the fuel cell) 

of approximately 3 at current densities of 0.5 A/cm" 
at normal operating temperature. The gas flows were 
not humidified at cell or stack temperatures below 
zero. Once above 0°C, the gas supplies were 

25 humidified. The cell or stack was then started up 

using different techniques while monitoring an 
interior temperature of the cell or stack along with 
the current density and the voltage of each cell. 
For start-up generally, the initial load was 

3 0 selected in a conventional attempt to maximize the 

initial output power from the cell or stack. In the 
following examples, typically this resulted in an 
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initial voltage per cell of about 0.3-0.4 V under 
load. As the output power capability of the cell 
increased with time, the load was increased. In 
some cases (e.g., when using re formate ) , the cell 
5 voltage decreased with time as a result of poisoning 

in which case the load was reduced. The time taken 
to actually reach the 0.5 A/cm 2 operating current 
density was determined. The table below summarizes 
the tests performed and the time taken to reach the 

10 0.5 A/cm 2 level. 

In the following, reactant starvation via 
shorting was performed by connecting a low 
resistance relay across the fuel cell terminals 
thereby effectively shorting the cell to zero volts. 

15 (The relay was rated to handle 4 0 OA at 60 0V and 

actually drew approximately 19 0 A from the 7 -cell 
stacks at -15 °C) . In some instances, a cell was 
shorted intermittently for one second on/one second 
off intervals using a timer and relay. Intermittent 

2 0 shorting continued until the cell temperature was 

about 20°C. In other instances at -5°C, a stack was 
shorted once during start-up, continously, for a 
prolonged period of order of a few minutes long. 

Also in the following, oxidant starvation was 

25 accomplished by intermittently interrupting the 

oxidant flow by simultaneously closing both the 
oxidant inlet and outlet lines using two solenoid 
valves. The duration of the oxidant flow 
interruptions was adjusted from about 10 to 6 0 

30 seconds to try and see if higher cell voltages could 

be obtained. 
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Cell 
stack 


# cells 

in 
in 

stack 


Starting 
(°C) 


Fuel type 


Starvation 

J11CU1UU UiCU 


Approx. time 

LU U.J r\.'L.Ill 

(min) 


A 


1 


-5 


H 2 


none 


5 


B 


1 


-5 


reformate 


intermittent 
additional 
electrical load 


5 


C 


1 


-10 


H 2 


none 


120 


D 


1 


-10 


H 2 /C0 2 


none 


210 


E 


7 


-10 


reformate 


none 


did not 
reach, max. 
-0.2 A/cm 2 


F 


7 


-10 


reformate 


oxidant 
interruption 


did not 
reach, max. 
-0.3 A/cm 2 


G 


7 


-15 


H 2 


none 


24 


H 


7 


-15 


H 2 


prolonged 
additional 
electrical load 


9 


I 


7 


-15 


reformate 


prolonged 
additional 
electrical load 


11 


J 


7 


-15 


reformate 


prolonged 
additional 
electrical load 


10 



Start-up could be accomplished when using pure 
hydrogen as the fuel and no starvation methods at 
temperatures down to -15 °C. However, while the time 
taken for a single cell (A) to reach a current 
5 density of 0.5 A/cm 2 from -5°C was reasonable, the 

time taken for a single cell (C) from -10 °C was very 
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long. However, this time was significantly reduced 
for a seven cell stack, as exemplified by stack G, 
presumably because individual cells in the stack 
insulate each other, resulting in a larger 
5 temperature rise for a given heat output per cell. 

In other words, cell stacks tend to warm up more 
easily than single cells. 

Using intermittent reactant starvation via 
shorting during the start-up period, cell B also 

10 reached a current density of 0.5 A/cm 2 from -5°C in a 

reasonable length of time. FIG. 2 shows the voltage 
and temperature versus time for fuel cell B. In 
FIG. 2 only, the flow of coolant through the fuel 
cell began once the monitored temperature in the 

15 fuel cell reached 80 °C. The starting temperature of 

the coolant was also -5°C and the fuel cell was its 
only source of heat. Thus, introducing this 
relatively cold coolant precipitated the marked drop 
in interior temperature as seen in FIG. 2. 

20 The problem with using reformate in these 

embodiments is illustrated by the results for cells 
C and D and stack E. Although it took about 2 
hours, cell C eventually reached a current density 
of 0.5 A/cm 2 from -10 °C. Stack E, on the other hand, 

2 5 was run for about 3 5 minutes and only achieved a 

maximum current density of 0.2 A/cm 2 . (As indicated 
in the preceding, stack E would be expected to warm 
up more easily than a single cell under similar 
conditions.) The presence of carbon dioxide 

3 0 impurity in the fuel stream was detrimental, as 

illustrated by cell D, but it did eventually reach a 
current density of 0.5 A/ cm 2 from -10°C. The severe 
effect that carbon monoxide has on performance at 
low temperature was demonstrated in another single 
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cell supplied with an increased concentration of CO, 
a 1%C0/H 2 gas mixture (data not included in the table 
above) . Starting up from -5°C with no applied load 
(i.e., open circuit), an indication of a voltage 
5 appeared about 65 seconds after the reactant gas 

flows began. About 10 seconds later however, a 
positive voltage could not be detected for this cell 
using a standard voltmeter. 

Stack F f which was subjected to intermittent 

10 oxidant starvations during start-up, showed an 

improvement over stack E in that a higher maximum 
current density was reached during the starting 
period of 35 minutes. However, neither stack 
reached a current density of 0.5 A/cm 2 , presumably as 

15 a result of severe anode poisoning. FIGs . 3A and 33 

are plots of representative cell voltages, current 
densities and temperatures as a function of time for 
fuel cells F and E, respectively. 

The prolonged connection of an additional 

2 0 electrical load significantly reduced the time taken 

for a 7 -cell stack supplied with pure hydrogen fuel 
to reach a current density of 0.5 A/cm 2 from -15 °C 
(compare stack H to stack G) . Similar reduced times 
were also observed on stacks supplied with CO- 
25 containing reformate fuel (stacks I and J) when this 

method was used during the start-up period. Thus, 
this method not only reduces the start-up period, 
but also reduces the adverse effects of carbon 
monoxide poisoning. FIGs. 4A, 4B and 4C are plots 

3 0 of representative cell voltages, current densities, 

and temperatures as a function of time for fuel cell 
stacks G, H, and I respectively. 

FIG. 4D is a plot of representative cell 
voltage, current density, fuel stoichiometry , and 
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oxidant stoichiometry as a function of time for fuel 
cell stack J. (In FIG. 4D, the fuel and oxidant 
stoichiometry data were determined by logging 
reactant flow rates and output current over time 
5 using a data acquisition unit. The amount of 

reactant consumed per unit time was then calculated 
based on one mole of hydrogen fuel and half a mole 
of oxygen oxidant being consumed for every two 
electrons generated. During the shorting period 

10 where the additional electrical load was applied, 

the reactant flow rates were also logged but the 
larger output current was not logged continuously. 
Instead, a constant output current value was assumed 
based on a single point determination of the current 

15 measured from a similar cell operating under similar 

conditions. While it is not expected that the 
output current was actually constant during this 
period, it is expected that this output current was 
obtained for at least some length of time during the 

20 shorting period.) As shown in FIG. 4D, both the 

fuel and air stoichiometrics were much less than 1 
during the first minute of shorting. The air supply 
flow rate was then increased, thereby increasing the 
air stoichiometry. After 4 minutes, a substantial 

25 voltage reversal occurred in one of the cells in the 

stack (approximately -2 V) and the flow rates of 
both the air and fuel were increased in order to 
alleviate the reversal. Shortly thereafter the 
shorting was stopped. 

30 To find out if use of such reactant starvation 

methods damaged the fuel cell membranes in the 
preceding tests, the leak rate of test gas through 
the membranes was determined both before and after 
use of the starvation methods. The leak rate before 
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was very small and no significant change in the leak 
rate was observed after starvation. Polarization 
tests (i.e., cell voltage at a current density of 
interest) were also performed on the fuel cells and 
5 stacks both before and after use of the starvation 

methods. The polarization characteristics after use 
of the starvation methods on start-up were similar 
to those before start-up. 

While particular elements, embodiments and 

10 applications of the present invention have been 

shown and described, it will be understood, of 
course, that the invention is not limited thereto 
since modifications may be made by those skilled in 
the art, particularly in light of the foregoing 

15 teachings. It is therefore contemplated by the 

appended claims to cover such modifications which 
incorporate those features coming within the spirit 
and scope of the invention. 
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what is claimed is: 

1. A method of starting a solid polymer 
electrolyte fuel cell from a starting temperature 

5 below the normal operating temperature of said fuel 

cell, the temperature of said fuel cell rising to 
said normal operating temperature over a starting 
period, said method comprising: 

supplying an oxidant reactant stream to 
10 the cathode electrode of said fuel cell; 

supplying a fuel reactant stream to the 
anode electrode of said fuel cell; and 

reactant starving at least a portion of 
one of said electrodes during said starting 
15 period. 

2. The method of claim 1 wherein said 
reactant starving is stopped when said fuel cell 
temperature reaches a predetermined threshold value. 

20 

3. The method of claim 1 wherein said 
reactant starving is intermittent. 

4. The method of claim 1 wherein said method 
25 comprises interrupting the supply of one of said 

reactant streams to said respective fuel cell 
electrode. 

5. The method of claim 4 wherein said method 
3 0 comprises intermittently interrupting the supply of 

one of said reactant streams to said fuel cell 
electrodes . 
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6. The method of claim 4 wherein said one of 
said reactant streams is said fuel reactant stream. 

7 . The method of claim 4 wherein said one of 
5 said reactant streams is said oxidant reactant 

stream. 

8. The method of claim 4 wherein said fuel 
cell is one of a plurality of fuel cells arranged in 

10 a fuel cell stack. 

9 . The method of claim 8 wherein said supply 
of one of said reactant streams to each of said 
plurality of fuel cells is not simultaneously 

15 interrupted. 

10. The method of claim 1 wherein said method 
comprises connecting a transient electrical load to 
draw electrical power from said fuel cell. 



20 



25 



30 



11. The method of claim 10 wherein said method 
comprises intermittently connecting a transient 
electrical load to draw electrical power from said 
fuel cell. 

12. The method of claim 10 wherein the rates 
of supply of said reactants to said fuel cell 
electrodes are not increased in response to the 
connection of said transient load. 

13. The method of claim 10 wherein said fuel 
cell is one of a plurality of fuel cells arranged in 
a fuel cell stack, and the connection of said 
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transient load to draw power from each one of said 
plurality of fuel cells is not simultaneous. 

14. The method of claim 1 wherein said 
starting temperature is less than 0°C. 

15. The method of claim 1 additionally- 
comprising outputting electrical power from said 
fuel cell during said starting period. 



16 . The method of claim 1 wherein one of said 
reactant streams comprises an electrocatalyst poison 
and said reactant starving additionally reduces 
poisoning of the electrocatalyst in said fuel cell 

15 electrodes by said electrocatalyst poison. 

17. The method of claim 1 wherein said 
reactant streams are essentially free of 
electrocatalyst poisons. 

20 

18. The method of claim 17 wherein said fuel 
reactant stream is substantially pure hydrogen. 

19. The method of claim 4 wherein said fuel 

25 cell is one of a plurality of fuel cells arranged in 

a fuel cell stack and said reactant starving causes 
a voltage reversal to occur in at least one of said 
plurality of fuel cells. 

30 20. The method of claim 10 wherein said fuel 

cell is one of a plurality of fuel cells arranged in 
a fuel cell stack and said reactant starving causes 
a voltage reversal to occur in at least one of said 
plurality of fuel cells. 
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21. A method of operating a solid polymer 
electrolyte fuel cell comprising: 

supplying an oxidant reactant stream to 
the cathode electrode of said fuel cell; 
5 supplying a fuel reactant stream to the 

anode electrode of said fuel cell; 

monitoring a temperature parameter 
indicative of the operating temperature of said 
fuel cell; and 

10 when said temperature parameter is below a 

predetermined threshold value, reactant 
starving at least a portion of one of said 
electrodes . 

15 22. A solid polymer electrolyte fuel cell 

apparatus comprising: 

an oxidant supply system for directing an 
oxidant reactant stream to a cathode electrode 
of said fuel cell; 
20 a fuel supply system for directing a fuel 

reactant stream to an anode electrode of said 
fuel cell; 

a temperature sensor for detecting the 
temperature of said fuel cell; and 
2 5 a control system for reactant starving at 

least one of said electrodes responsive to the 
output from said temperature sensor. 

23. The fuel cell apparatus of claim 22 
30 wherein said control system comprises apparatus for 

intermittently interrupting the supply of one of 
said reactant streams to said fuel cell electrodes. 
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24. The fuel cell apparatus of claim 22 
wherein said control system comprises apparatus for 
connecting a transient electrical load to draw 
electrical power from said fuel cell. 



WO 01/03215 



PCT/CAOO/00756 




SUBSTITUTE SHEET (RULE 26) 



WO 01/03215 



PCT/CAOO/00756 




SUBSTITUTE SHEET (RULE 26) 



WO 01/03215 



PCT/CA00/00756 



3/8 




SUBSTITUTE SHEET (RULE 26) 



WO 01/03215 



PCT/CA00/00756 




SUBSTITUTE SHEET (RULE 26) 



WO 01/03215 



PCT/CAOO/007S6 



5/8 



FIG. 4A 




TIME (MIN) 



SUBSTITUTE SHEET (RULE 26) 



WO 01/03215 



PCT/CA00/00756 



7/8 




0 2 4 6 8 10 12 14 

TIME (MIN) 



SUBSTITUTE SHEET (RULE 26) 



WO 01/03215 



PCT/CA00/00756 



8/8 




0 2 4 6 8 10 12 14 

TIME (MIN) 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Intei >na\ Application No 

PCT/CA 00/00756 



A. CLASSIFICATION OF SUBJECT MATTER . 

IPC 7 H01M8/04 H01MS/10 



According lo International Patem Classification (IPC) or 1o both nalional classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 H01M 



Documemalion searched other than minimum documentaiion lo the exlenl thai such documents are included in Ihe fields searched 



Electronic daia base consulted during Ihe international search (name of data base and. where practical search terms used) 

PAJ, EPO-Internal , INSPEC, COMPENDEX, WPI Data 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Calegory ■ Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



WO 95 18469 A (NESTE 0Y ; SPIERS DAVID JOHN 

(GB); LEPPAENEN OYRKI RAINER (FI)) 

6 July 1995 (1995-07-06) 

page 1, line 21 - line 28; claims 1,2 

page 2, line 29 -page 3, line 10 



1,10,11, 

15,21, 

22,24 



US 5 798 186 A (FLETCHER NICHOLAS J 
AL) 25 August 1998 (1998-08-25) 
cited in the application 
column 8, line 15 - line 18 
column 3, line 44 - line 49 

-/-- 



ET 



EH 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



• Special categories of cited documents : 

•A* document defining the general stale of the art which is not 
considered to be of particular relevance 
earlier document but published on or after the International 
fing date 

V document which may tnrow doubts on priority claim (s) or 
which Is cited lo establish the publication dale of another 
citation or other special reason (as specified) 

'Or document referring loan oral disclosure, use, exhibition or 
other means 

*P* document published prior to the international fifing date but 
later than the priority dale claimed 



'V later document published after the international tiling date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

*X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when Ihe document is taken alone 

*Y* document of particular relevance: the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skiOed 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 



17 November 2000 



Date of mailing ot the international search report 



24/11/2000 



Name and mailing address of the ISA 

European Patent Off tee. P.B. 5818 Patent taan 2 
NL-2280HVRijswijk 
TeL (+31-70) 340-2040. Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



D'hondt, J 



Fom)PCT/ISA/210(Si 



*)(July 1992> 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Intel <nal Application No 

PCT/CA 00/00756 



C.(Contlnuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation ot document, with indicaiion.where appropnate. of Iho relevant passages 



Relevani to claim No. 



P,A 



PATENT ABSTRACTS OF JAPAN 

vol. 1996, no. 03, 

29 March 1996 (1996-03-29) 

-& JP 07 302607 A (TOYOTA MOTOR CORP), 

14 November 1995 (1995-11-14) 

cited in the application 

abstract 

PATENT ABSTRACTS OF JAPAN 

vol . 1999, no. 01, 

29 January 1999 (1999-01-29) 

-& JP 10 270065 A (SANYO ELECTRIC CO LTD), 

9 October 1998 (1998-10-09) 

abstract 

WO 99 34465 A (BALLARD POWER SYSTEMS ;CH0W 
CLARENCE Y F (CA); WILKINSON DAVID P () 
8 July 1999 (1999-07-08) 

EP 0 018 693 A (ELECTR0CHEM 

ENERGIECONVERSIE) 

12 November 1980 (1980-11-12) 



Form PCT/1SA/210 (ccntnuation of second sheet) {July 1992) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

information on patent family members 



Intoi mat Application No 

PCT/CA 00/00756 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(s) 



Publication 
date 



WO 9518469 


A 


06-07-1995 


FI 


935936 A 


01-07-1995 








kin 
NO 


yoZoob A 


Zb-uo-iyyo 








SE 


9602462 A 


09-08-1996 








US 


5789092 A 


04-08-1998 


US 5798186 


A 


25-08-1998 


AU 


2947397 A 


07-01-1998 








WO 


9748142 A 


18-12-1997 








GB 


2330686 A,B 


28-04-1999 


JP 07302607 


A 


14-11-1995 


NONE 







JP 10270065 A 09-10-1998 NONE . 



WO 9934465 


A 


08-07-1999 


US 


6096448 A 


01-08-2000 








AU 


1657499 A 


19-07-1999 








EP 


1042836 A 


11-10-2000 


EP 0018693 


A 


12-11-1980 


NL 


7903426 A 


04-11-1980 








AT 


8313 T 


15-07-1984 








CA 


1156307 A 


01-11-1983 








0E 


3068423 D 


09-08-1984 








JP 


55148370 A 


18-11-1980 








US 


4294892 A 


13-10-1981 



Form FCT/ISA/Z10 (patent (amUy am ex) (July 1982) 



